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Abstract
Up to date most spin-on diffusion sources based on wet chemical created boron-silicate glass (BSG) lead to a strongly
degraded carrier lifetime after diffusion. In this study the implication of a spin-on boron diffusion source is applied to
the fabrication of large area n-type CZ  bifacial solar cell and the performance of the spin-on source is compared to a 
BBr3 boron diffusion concerning the resulting lifetime and emitter saturation current J0e. Comparable J0e values and a 
comparable lifetime have been achieved resulting in a top efficiency of 19.38% in comparison to a top efficiency of 
19.60% achieved by BBr3 diffusion.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013 
conference
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1. Purpose of the work
Boron diffusion in general and especially spin-on diffusion (SOD) based boron diffusion is associated
with limited homogeneity in the resulting sheet resistance and heavily degraded carrier lifetime due to the
formation of a boron rich layer (BRL) and impurities present for the SOD based boron doping process[1].
By application of a novel boron diffusion precursor, a homogeneously diffused boron emitter was formed
on n-type CZ silicon comprising high bulk lifetimes after high temperature processing.
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2. Experimental 
Two cell batches were processed in an identical way except for the boron diffusion in order to achieve 
comparable results. Large area (241 cm2), 180 μm thick, 3 cm n-type CZ wafers were processed 
including a textured boron diffused front surface and a polished POCl3 diffused back surface passivated 
by a SiO2/SiNx stack. After SC2 cleaning one batch was directed to standard tube furnace BBr3 diffusion 
followed by in situ oxidation and the other batch was diffused after being coated by a spin-on BSG film. 
The BSG film was created by spinning-on a novel precursor material and its subsequent drying and 
densification by applying a curing step at 300 °C in N2 atmosphere in a rapid thermal processing tool for 
1 minute. The drive in from the SOD-source was carried out in a tube furnace at 925 °C for 30 minutes in 
N2 atmosphere with two wafers oriented face-to-face in one slot of the process boat. After drive in the 
wafers were cooled down, the BSG was removed by etching in 2% HF and the remaining BRL was 
thermally wet-oxidized for 10 minutes at 850 °C. Afterwards, all wafers, those diffused by BBr3 as well 
as those diffused by SOD-source, were splitted in two groups. The first group received a PECVD-
AlOx/SiNx passivation stack at the front side and the second one was passivated by a high quality double 
layer of wet thermal oxide and PECVD-SiNx. Finally, the cells were completed by front and back side 
metallization as well as co-firing for contact formation applying screen-printing of conventional H-grid 
pattern (3 busbars) on both sides. The front side was metallized by the use of Ag/Al-paste and the back 
side applying Ag paste. In addition to the batches for solar cell fabrication, symmetrically diffused and 
passivated samples were prepared for the purpose of determination of J0e as well as carrier lifetime 
applying the same conditions as in solar cell manufacturing. The cells from the second cell run had a 
different phosphorous doped back-surface field (BSF) with a lower surface concentration resulting in 
slightly increased VOC and ISC values in comparison to the first cell batch. 
3. Results 
3.1. Sheet resistance 
The sheet resistance after the boron diffusion carried out by application of SOD solution was targeted 
to be 70 3 diffusion (75 -in, the sheet 
resistance was 51±9 the BRL. Thus the diffusion 
temperature for the improved sprayed SOD was reduced to 920 °C in order to close the gap of the sheet 
resistance discrepancy between the SOD diffused and BBr3 cells. With these settings the sheet resistance 
of the sprayed SOD after in-situ oxidation resulted in a homogeneous diffused emitter (73±5 ) within 
the range of the reference BBr3 diffusion (78±7 ). In figure 1, the sheet resistance (SHR) map of an 
exemplary diffused wafer applying the improved sprayed SOD-source is shown after in-situ oxidation. 
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Fig. 1. Sheet resistance mapping of an exemplary spray-coated sample after diffusion and in-situ oxidation (73±5
all absolute values of the sheet resistance are determined by four point probe measurements.
The major part of the inhomogeneity from the spin-on group came from edge effects of the wafer 
-up due to spin 
coating [2]. Another possible explanation is the warp of the wafer during boron diffusion leading to a 
higher distance of the face-to-face standing wafer at the edge in comparison to the center of the wafer.
The inhomogeneity in the SHR-mapping of the sprayed SOD and the BBr3 reference can be explained by
artefacts of sheet resistance -conducted
measurements. The average sheet resistance of the SOD diffused samples was 10
BBr3 diffused samples. With the improved version of the SOD a homogeneous emitter with a sheet 
resistance deviation of less than 7% over the whole wafer is achieved after in-situ oxidation. An 
exemplary diffusion profile resulting from the drive-in at 920 °C with in-situ oxidation from the spray-
coated improved SOD version measured by electrochemical capacitance voltage technique (ECV) is
shown in figure 2.
Fig. 2. Exemplary diffusion profile of SOD after drive-in (not optimized yet) and in-situ oxidation measured by ECV.
The diffusion profile is characterized by a low surface concentration resulting from the wet oxidation. 
As no additional drive-in after the oxidation was performed the boron concentration increases to 7*1019
boron atoms per cm3 within the first few nanometres of the emitter. For a better surface passivation the
overall carrier concentration could be lowered by a second short drive-in after the oxidation for 
redistribution of the boron atoms towards the surface.
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3.2. Lifetime and emitter saturation current 
For a detailed lifetime analysis, symmetrically boron diffused samples were investigated. Figure 3 
shows microwave-detected photoconductance decay (MWPCD) maps of a BBr3 as well as of a spin-
coated and a spray-coated SOD diffused sample, passivated by PECVD AlOx/SiNx after activation by a 
firing step. To evaluate the bulk lifetime one sample of the symmetrically diffused samples with the 
sprayed SOD was etched with KOH to remove the boron doped emitter and the lifetime was measured 
after passivation with high quality SiNx. 
      
       
Fig. 3. MWPCD images of symmetrically boron diffused samples with PECVD AlOx/SiNx passivation after firing with BBr3 (top 
left), SOD (top right) and the improved sprayed SOD (bottom left). In addition, a sample diffused by the improved sprayed SOD 
formulation with etched back emitter is shown after passivation with PECVD SiNx (bottom right). 
The average carrier lifetime of the SOD diffused sample was about 20 μs lower than that of the BBr3 
diffused sample, revealing a slightly increased recombination in the SOD emitter, while the improved, 
sprayed SOD had a nearly equal lifetime. This can be either explained by a higher doping concentration 
of the SOD based emitter or by impurities present in the silicon bulk after SOD based diffusion. Latter 
can be excluded as the silicon bulk showed a high lifetime of 1.1 ms after etchback of the boron diffused 
surface (reference sample without boron diffusion 1.3 ms). The lifetime was determined by quasi-steady-
state photoconductance (QSSPC) measurement at an injection level density of 1*1015 cm-3. The trend for 
slightly lower lifetime with SOD diffusion was confirmed by J0e-measurements determined by QSSPC 
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(cf. table I) being consistently higher for the emitter created by SOD. However, as both types of diffusion 
were characterized by different sheet resistance as well as both diffusion types might have comprised 
different doping profiles further investigation is necessary. Additionally, it can be seen from passivation 
dependent J0e values, that the passivation quality of the stack comprising PECVD-AlOx/SiNx was superior 
to that of the stack being composed of wet thermal oxide and PECVD-SiNx. This is attributed to enhanced 
field effect passivation of the boron emitter due to fixed negative charges in the aluminium oxide. 
Table 1. J0e value of the symmetrically diffused lifetime samples. 
Diffusion type 
J0e SiO2/SiNx [fA/cm2] J0e PECVD AlOx/SiNx [fA/cm2] 
sample 1 sample 2 sample 1  sample 2 
BBr3 60 53 38 42 
SOD spin-on ink 113 81 59 64 
SOD spray-on ink 96 73 51 49 
3.3. Electrical parameters of bifacial solar cells 
In Table 2 the electrical parameters of the processed batches are shown. 
 
Table 2. Electrical parameters of bifacial solar cells. *Independently confirmed by Fraunhofer ISE CalLab. 
group JSC VOC FF 
[mA/cm2] [V] [%] [%] 
BSOD SiO2 
mean 37.86 0.6328 77.23 18.50 
best cell* 37.90 0.6358 78.40 18.90 
BBr3 SiO2 
mean 38.15 0.6385 76.85 18.72 
best cell* 38.13 0.6386 78.41 19.09 
BSOD AlOx 
mean 38.26 0.6323 75.81 18.34 
best cell* 38.16 0.6376 78.03 18.99 
BBr3 AlOx 
mean 38.38 0.6389 75.95 18.62 
best cell* 38.43 0.6396 77.72 19.11 
BSOD AlOx run 2 
mean 38.19 0.6401 78.45 19.18 
best cell 38.22 0.6429 78.86 19.38 
sprayed SOD AlOx run 2 
mean 38.31 0.6411 78.22 19.21 
best cell 38.37 0.6427 78.35 19.32 
BBr3 AlOx run 2   
mean 38.51 0.6465 78.45 19.53 
best cell 38.54 0.6476 78.53 19.60 
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All efficiencies were measured based on the efficiency of the best cells from run 1 independently 
confirmed by Fraunhofer ISE CalLab. The main difference between the BBr3 and SOD diffused cells was 
found in the open circuit voltage and short circuit current. The lower average value of the SOD-diffused 
ones compared to that from BBr3 diffusion can be explained by the lower lifetime and the slightly 
increased J0e values as deduced from symmetrically diffused samples (cf. table I). The difference between 
the first and second run can be explained by the changes in the BSF. All cells exhibited a high fill factor 
of over 75% which can be attributed to the homogeneous diffused emitter and BSF. As a consequence of 
the difference in J0e values slightly reduced open circuit voltage and short circuit current of SOD-diffused 
cells led to a top efficiency of 19.38 % when applying an all PECVD-based AlOx/SiNx passivation stack 
whilst the best BBr3 diffused cell provided a conversion efficiency of 19.60%. As the best efficiency of 
all SOD based cells is from the spin-on group the influence of the diffusion profile could be the best 
explanation for the 0.2 % deviation in efficiency. The spin-on diffused cells were processed by two high 
temperature processes because the oxidation had to be decoupled from the drive-in which should lead to a 
lower surface concentration at least in the phosphorus doped BSF by the slightly higher thermal budget 
caused by the additional ramp-up process from the oxidation. Thus the slightly lower efficiency of the 
cells based on spin- or spray-on diffusion could be improved by optimization of the doping profile 
especially by optimization of the wet oxidation process including a second drive-in process after 
oxidation for redistribution of the boron atoms at the surface. 
4. Conclusions 
The SOD diffused solar cells show a comparable performance to the BBr3 diffused reference solar 
cells. As the bulk lifetime can be excluded to be the reason for the small difference in efficiency between 
the BBr3 and SOD diffused solar cells, the latter should come from different doping profiles as all three 
investigated diffusion processes (BBr3, SOD and sprayed SOD) are characterized by different drive-in 
and oxidation processes. The sheet resistance homogeneity and the possibility of an in-situ oxidation of 
the BRL were identical to gas-phase doping. The liquid dopant was tested in an industrial relevant bifacial 
solar cell process [3]. By running only two cell runs it was impressively shown that a spray-on dopant 
achieves a similar level of cell performance as out of a conventional BBr3 process.  
The ongoing work will focus on the optimization of the doping profile. 
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